Abstract. The first stars to form in the history of the universe may have been powered by dark matter annihilation rather than by fusion. This new phase of stellar evolution may have lasted millions to billions of years. These dark stars can grow to be very large, > 10 5 M ⊙ , and are relatively cool (∼ 10 4 K). They are also very bright, being potentially detectable in the upcoming James Webb Space Telescope or even the Hubble Space Telescope. Once the dark matter runs out, the dark stars have a short fusion phase, before collapsing into black holes (BH). The resulting BH could serve as seeds for the (unexplained) supermassive black holes at high redshift and at the centers of galaxies.
INTRODUCTION
The first stars form at z > 10 at the centers of dark matter (DM) haloes of 10 (2005)). The DM inside the stars may provide a power source for these stars, resulting in Dark Stars (DS) (Spolyar, Freese, and Gondolo 2008) that are powered by DM annihilation rather by fusion. This first phase of stellar evolution can be quite long, lasting millions to billions of years.
The identity of DM is still unknown. Weakly interacting massive particles (WIMPs) are the best motivated DM candidates, since the WIMP cross section yields the correct relic density necessary to explain dark matter abundance. Typical supersymmetric WIMPs are their own antiparticles, and thus annihilate among themselves wherever the WIMP density is high enough. The WIMP mass ranges from 1 GeV -10 TeV (our canonical value is 100 GeV), and the standard annihilation cross section is σ v ann = 3 × 10 −26 cm 3 /sec.
It is this same annihilation process that took place in the early universe, that is also the source of WIMP heating for the first stars. Dark matter annihilation is particularly powerful in the first stars, as they formed in a very high DM density environment: they formed at the right place (at the high density centers of haloes) and at the right time (at high redshift, with density scaling as (1 + z) 3 ).
A protostellar cloud made of primordial hydrogen and helium forms at the center of the DM minihalo; as the gas cools and collapses, the cloud compresses the DM, leading to an increase in dark matter annihilation rates. At higher densities, DM heating overwhelms any cooling mechanism, stopping the cloud from collapsing further, and a DS forms. We have computed the stellar structure and evolution of the DS, and find that they are cool (∼ 10 4 K), puffy (radii ∼ A.U.), and massive (Freese et al. 2008a ). As long as DM powers the star, the DS remains cool enough to avoid producing photons hot enough to prevent further accretion onto the star. The DS continues to grow, even The feeling in the community is that discovery is near.
DARK STARS
The DM heating rate is given by
Here n χ is the DM density, ρ χ is the DM mass density, and f Q is the fraction of annihilation energy that is trapped by the star and goes into heating it. The final products of the annihilation are typically of order 1/3 electron/positron, 1/3 gamma rays, and 1/3 neutrinos; these particles typically have energies roughly about 1/10 of the WIMP mass. Since neutrinos simply escape from the star, we take f Q = 2/3 as our fiducial value. Three conditions are required for the formation of a DS, (1) a sufficiently high DM density, (2) the annihilation products get trapped in the DS, and (3) DM heating overpowers H 2 cooling. As mentioned previously, the first stars already have relatively high DM density because they form at the centers of haloes at high redshift. Then, the density can be further enhanced by two mechanisms: adiabatic contraction (AC) (Blumenthal et al. 1985; Freese et al (2009) ) and capture (Iocco (2008) ; Freese, Spolyar, Aguirre (2008)). AC takes place already in the early stages of the collapsing protostellar cloud. The collapsing gas provides a growing gravitational potential to pull in more DM, enhancing its density and the resulting annihilation. Second, the annihilation products must get trapped within the DS; this criterion is satisfied once the collapsing cloud reaches sufficiently high density. Third, the DM heating must overpower molecular hydrogen cooling. For a 100 GeV WIMP, this happens at a gas density n ∼ 10 13 cm −3 (Spolyar et al. (2008) ). The star collapses a little further 1 in order to establish thermal and hydrostatic equilibrium; at n ∼ 10 16 cm −3 , a Dark Star is born, Most of the star is still hydrogen, with < 1% being DM, but this small amount is enough to provide a heat source for the star.
We have found the stellar structure and evolution of Dark Stars. DS are born with masses ∼ 1M ⊙ . They are giant puffy (10 AU), cool (surface temperatures ∼ 10, 000K objects (Freese et al. 2008a) ). They reside in a large reservoir (10 5 M ⊙ ) of baryons, i.e. 15% of the total halo mass. These baryons can start to accrete onto the dark stars. Our work (Freese et al. 2008a; Spolyar et al. 2009 ) followed the evolution of DS from their inception at ∼ 1M ⊙ , as they accreted mass from the surrounding halo.
The key ingredient that allows dark stars to grow so much larger than ordinary fusion powered Population III stars is the fact that dark stars are so much cooler. Ordinary Pop III stars have much larger surface temperatures in excess of 50,000K. They produce ionizing photons that provide a variety of feedback mechanisms that cut off further accretion. McKee & Tan (2008) Dark stars are stable as long as there is DM to fuel them. There are two main methods for sustaining DM fuel: (1) gravitational attraction of dark matter particles on a variety of orbits (extended adiabatic contraction) and (2) capture by atomic nuclei due to elastic scattering. In our previous work we treated the DM halo as spherical and ran up the DS mass to the point where the DM initially inside the star was significantly reduced by annihilation; this would limit the lifetime of the DS to ∼ 10 6 yr. However, DM halos are triaxial, allowing for many kinds of orbits, including box orbits and chaotic orbits, which can travel arbitrarily close to the center on any passage through the central cusp (Schwarzschild 1979 , Goodman & Schwarzschild 1981 Merritt & Valluri 1996) . Thus the cusp in a triaxial halo is constantly replenished by new orbits with low angular momentum. These orbits provide the steady state high density to allow DM particles bound to the cusps experience annihilation for a longer time. This extends the lifetime of DS, and can lead to larger and brighter DS's, including SMDS which could potentially lead to Supermassive Black Holes (Freese et at (2010) ).
An additional source of DM is capture by atomic nuclei. As DM from the halo passes through the DS, some WIMPs scatter off nuclei and are captured (Freese, Spolyar, Aguirre (2008); Iocco (2008)). There are two uncertainties with this process, (1) the ambient DM density and (2) the scattering cross sections. The scattering cross section is a free parameter, constrained only by bounds set by direct detection experiments. 
DETECTABILITY OF DARK STARS IN JWST AND HST
SMDS can grow to be very bright: 10 5 M ⊙ DS have luminosity 10 9 L ⊙ while 10 7 M ⊙ DS can exceed 10 11 L ⊙ . Figure 1 shows the observed black body flux distribution of two SMDSs formed at z = 15 for a WIMP mass m χ = 100GeV for the case of extended AC (without capture). The star in the left panel is formed in a 10 6 M ⊙ halo and the star in the right panel is formed in a 10 8 M ⊙ halo and their stellar (baryonic) masses are 1.7 × 10 5 M ⊙ and 1.5 × 10 7 M ⊙ respectively. Curves are shown assuming the SMDS formed at z = 15 and survived to various redshifts, at which it is still producing blackbody radiation. The 1.7 × 10 5 M ⊙ star (left panel) will be detectable by JWST (NIRCam) in an exposure of a million seconds, but only if it survives intact till z = 10. The 1.5 × 10 7 M ⊙ star (right panel) will be detectable even in a shorter 10 4 s exposure even at z = 15 in both the 2µ and 3.5µ bands. The star on the right may be marginally detectable in a million second exposure in the 10µ band of MIRI. The curves are not corrected for Ly-α absorption by the IGM but the red vertical lines show the location of the 1216Åline redshifted from the rest-frame wavelength of the star at each of the three redshifts. Flux at wavelengths to the left of the redline at each redshift is expected to be absorbed to some extent by the IGM. (2010) and when co-added they were found to have significant increase (relative to the rest frame UV) in flux at 3.6µm and 4.5µm in deep Spitzer IRAC observations of this field obtained as part of the GOODs survey (Ouchi et al 2009) . The detections span the range of wavelengths from rest-frame UV to rest frame optical and are well fitted by standard Bruzual-Charlot type stellar population synthesis codes with fairly low metallicity (0.2Z ⊙ ) implying that the z = 7 systems are star forming galaxies with populations as old as ∼ 350 Myr. So far the z = 8 − 10 objects are not detected at 3.6µm and 4.5µm by Spitzer IRAC but continuing observations of this field as part of the GOODS program will undoubtedly be monitored.
Since SMDS are significantly cooler than typical young hot stars in the normal stellar populations at z = 10, SMDS would not emit a significant amount of flux in the UV at wavelengths shorter than the Lyman alpha line ( see Fig. 1 Right). Consequently there would be little UV flux available to be reprocessed and emitted at longer wavelengths. Intrinsically, they are too faint to be detectable at longer wavelengths in a Spitzer IRAC image. This implies that SMDS could be distinguished from normal stellar populations in young star forming galaxies in future WFC3/IR and Spitzer IRAC observation in two ways (1) they would be point sources which are not associated with extended stellar distributions (2) their flux at longer wavelengths would decrease steadily instead of increasing as in the case of normal stellar populations with ages ∼ 100Myr.
Another paper on detectability of DS in JWST was done by Zackrisson et al (2010a). They focused on lighter DS ∼ 10 3 M ⊙ , and pointed out that lensing may enhance the signal.
CONCLUDING REMARKS
This talk has focused on supermassive dark stars (SMDS) wtih M * > 10 5 M ⊙ . Such large masses are possible because the dark star is cool enough (as long as it is powered by DM) so that radiative feedback effects from the star do not shut off the accretion of baryons. These SMDS are extremely bright (up to 10 11 L ⊙ ) and may thus be detectable in JWST. In fact they may have already been found in existing HST data or may appear in HST data taken over the next year.
After a SMDS exhausts its DM fuel, it will have a short fusion phase, before eventually collapsing to a massive black hole. SMDSs would make plausible precursors of the 10 9 M ⊙ black holes observed at z > 6 (Fan et al. 2003) ; of intermediate mass black holes; of BH at the centers of galaxies; and of the BH inferred by extragalactic radio excess seen by the ARCADE experiment (Seiffert et al. 2009 ). In addition, the BH remnants from DS could play a role in high-redshift gamma ray bursts thought to take place due to accretion onto early black holes.
Subsequent to this presentation at the conference in Austin, a recent paper has examined in more detail the detectability of DS in HST (Zackrisson et al (2010b) ) and presented bounds on the numbers of the most massive SMDS. Their work has the advantage of using a stellar atmosphere code rather than the far too simple blackbody approximation of our work. More work of this type is in order.
